Continuous administration of soluble proteins, delivered over a 10-d period by a mini-osmotic pump implanted subcutaneously, induces a long-lasting inhibition of antigen-specific T cell prohferation in lymph node cells from BALB/c mice subsequently primed with antigen in adjuvant. The decreased T cell proliferative response is associated with a down-regulation of the T helper cell (Th)l cytokines interleukin (IL)-2 and interferon (IFN)-~/and with a strong increase in the secretion of the Th2 cytokines IL-4 and IL-5 by antigen-specific CD4 + T cells. This is accompanied by predominant inhibition of antigen-specific antibody production of IgG2a and IgG2b, rather than IgG1 isotype. Interestingly, inhibition of Thl and priming of Th2 cells is also induced in 132-microglobuhn-deficient BALB/c mice, indicating that neither CD8 + nor CD4 § NKI.1 + T cells, respectively, are required. The polarization in Th2 cells is stably maintained by T cell hnes, all composed ofCD4+/CD8 -cells expressing T cell receptor for antigen (TCR.)c~/I3 chains, derived from BALB/c mice treated with continuous antigen administration, indicating that they originate from Th2 cells fully differentiated in vivo. This polarization is induced in BALB/c mice by continuous administration of any protein antigen tested, including soluble extracts from pathogenic microorganisms. Priming of Th2 cells is dose dependent and it is optimal for low rather than high doses of protein. Blocking endogenous IL-4 in vivo inhibits expansion of antigen-specific Th2 cells, but does not restore IFN-~/production by T cells from mice treated with soluble antigen, indicating the involvement of two independent mechanisms. Consistent with this, Th2 cell development, but not inhibition of Thl cells, depends on non-major histocompatibility complex genetic predisposition, since the Th2 response is amphfied in BALB/c as compared to DBA/2, C3H, or C57BL/6 mice whereas inhibition of the Thl response is induced by soluble protein administration in any mouse strain tested. These findings support the hypothesis that continuous release of low amounts of protein antigens from pathogenic microorganisms may polarize the immune response toward a Th2 phenotype in susceptible mouse strains.
D
ifferential lymphokine production allows the subdivision of mouse (1), rat (2) and human (3) CD4 + T cells into three major subsets: T helper I (Thl), characterized by secretion of IL-2 and IFN-~; Th2, selectively producing IL-4 and IL-5; and Th0, which are not restricted in their lymphokine production. The development of Thl and Th2 cells is primarily influenced by the cytokine milieu during the initial phase of the immune response, in which IL-12 and IL-4, respectively, play decisive roles (4, 5) .
The functional significance of CD4 + T cell subsets has been first clearly demonstrated in vivo by studying the immune response to infectious agents (1) . In these situations, J-C. Gurry's present address is INSERM U28, H6pital Purpan, 31059 Toulouse, France. development of the appropriate Th subset is particularly important since certain pathogens are most effectively controlled by either a cellular (Thl-type) or a humoral (Th2-type) immune response (1, (6) (7) (8) . The ability of pathogens to stimulate preferentially either Thl or Th2 responses depends on several factors including genetic background of the host, type of infecting organism, stage of infection and microbial load. High and low microbial loads have been shown to induce preferentially a Th2-or Thl-type immune response, respectively, which can be protective or deleterious depending on the pathogen (8, 9) . Therefore, dominance of an inappropriate T cell response can exacerbate the disease, leading to the inability to eradicate the invading microorganism. For example, Th2 responses predominate in overwhelming infections such as lepromatous leprosy (10) , leishmaniasis (6) , and helmintiasis (7) . In the latter model, egg-stimulated Th2 cells have been shown to down-regulate Thl responses and it has been hypothesized that the physical properties of eggs, whose protein shell continuously releases antigen, could influence T cell development (7, 11) .
To analyze whether the continuous release of low dose protein antigen could selectively activate Th2 cells, which may represent the initial mechanism skewing the immune response against pathogens toward a nonprotective immunity, we have used mini-osmotic pumps to continuously deliver protein antigens to BALB/c mice. After continuous administration of soluble antigen, mice were primed with protein antigens in adjuvant and T cell responses analyzed. In the present paper, we show that continuous administration to BALB/c mice of any soluble protein antigen tested induces a long-lasting, antigen-specific unresponsiveness of CD4 § Thl cells and a vigorous priming of CD4 + Th2 cells. Interestingly, continuous administration of low rather than high doses of antigen by mini-osmotic pumps is the most efficient in inducing Th2 cells. Crude soluble protein extracts from pathogens such as Mycobacterium tuberculosis or soluble leishmania antigen are also very effective in selectively inducing antigen-specific Th2 cells when delivered by mini-osmotic pumps to BALB/c mice. These results suggest that continuous release of soluble proteins by infectious microorganisms represents a critical stimulus for Th2 cell induction in susceptible mouse strains.
Materials and Methods
Mice. 2-to 3-too-old BALB/c, DBA/2, C3H, and C57BL/6 female mice were purchased from Charles P, dver Laboratories (Calco, Italy). H-2 b mice with disrupted IB2M genes (12) were back-crossed to BALB/c mice to obtain H-2 a ]B2M -/-mice (13) . Expression of H-2 a was determined by cell surface staining for class II molecules and by Southern blot hybridization. 132M -/-mice were identified by lack of MHC class I expression as assessed by cell surface staining using FITC-SFI-I.1 (anti-Kd; PharMingen, San Diego, CA) mAb (14) . IB2M -/-mice on BALB/c background were used after seven back-crosses. H-2 a I~2M -/ mice, at the fourth back-cross, were a kind gift of Dr. Faith B. Wells and Louis A. Marls (NCI, Frederick, MD).
Antigens. Hen egg-white lysozyme (HEL), 1 bovine RNase, OVA, human hemoglobin, and human transferrin were obtained from Sigma Chemical Co. (St. Louis, MO). Recombinant 65-kD heat shock protein (hsp) of M. tuberculosis was a kind gift of Dr. Ruurd van der Zee (National Institute of Public Health and Environmental Protection, Bilthoven, The Netherlands). Tuberculin purified protein derivate (PPD) (Statens Seruminstitut, Copenhagen, Denmark) was sequentially centrifuged for 10 rain at 15,000 g and then for 1 h at 100,000 g to remove aggregates and insoluble material. A soluble extract from 1.5 • 108 Leishmania major promastigotes was prepared following a standard freezethaw procedure and kindly provided by Dr. G. Alber (Hoffmann-La Roche, Basel, Switzerland). All protein antigens were 1Abbreviations used in this paper: HEL, hen egg-white lysozyme; hsp, heat shock protein; LNC, lymph node cells; PPD, tubercuhn purified protein derivative; TCL, T cell line. filtered on 0.22-p.m membranes before use. Peptides were synthesized by the solid-phase method on phenylacetamidomethyl-polystyrene support using side-chain protection, coupling procedures and an automated apparatus (model 430A; Applied Biosystems, Inc., Foster City, CA). Crude peptides were purified by preparative HPLC on C18 reverse-phase column. The peptides showed correct amino acid ratios upon hydrolysis in 6 N HC1 and the expected molecular ions in fast atom bombardment mass spectrometry. Sequences were confirmed by gas-phase microsequencing.
Delivery by Mini-Osmotic Pumps, Immunizations, and Anti-IL-4 Treatment. Mini-osmotic pumps (Alzet 2001; Alza Corp., Palo Alto, CA) were implanted subcutaneously in the dorsal flank through a 5-ram-long cut in the skin of the lumbar region and the wound was closed by metal stitches. The mean fiH volume of pumps was ,'~ Ixl and the mean pumping rate ~1 txl/h, delivering continuously for ~10 d. 12 d after pump implantation, mice were immunized subcutaneously into the hind footpads with the indicated amount of antigen emulsified in IFA or CFA containing H37Ra mycobacteria (Difco Laboratories, Inc., Detroit, MI).
For anti-IL-4 mAb treatment, mice were injected i.p. with 1 mg/mouse of protein G-purified 11B11 mAb (HB188; American Type Culture Collection, Rockville, MD) in PBS at the day of pump implantation, and then with 0.5 mg/mouse 4 and 8 d later. Control mice were injected with the same amount of isotype control LO-DNP-2 rat mAb, or with PBS only. LO-DNP-2 is a TNP-specific rat IgG1 mAb kindly provided by Dr. H. Bazin (University of Louvain, Brussels, Belgium).
T Cell Assays. For T cell proliferation assays, popliteal lymph nodes were removed, and 4 X 105 cells/well were cultured in 96-well culture plates (Costar Corp., Cambridge, MA) in synthetic HL-1 medium (Ventrex Laboratories, Portland, ME) supplemented with 2 mM L-glutamine and 50 Ixg/ml gentamicin (Sigma) with the indicated antigen concentrations. Cultures were incubated for 3 d in a humidified atmosphere of 5% CO2 in air and were pulsed 8 h before harvesting with 1 txCi [3H]TdR (40 Ci/nmol; Radiochemical Centre, Amersham, UK). Incorporation of [3H]TdR was measured by liquid scintillation spectrometry. For cytokine production analysis, LN cells (LNC) were cultured at 6 X 10 s cells/well as indicated above. Supernatants from replicate cultures, usually four to six wells, were collected after 20-72 h and pooled for cytokine analysis. For blocking experiments, cultures were performed in the presence of 5 btg/ml of GK1.5 anti-CD4 (TIB 207; American Type Culture Collection), or KT1.5 anti-CD8 (15) mAb. These mAb were purified from culture supernatant by affinity chromatography on a protein G-Sepharose column.
Cytokine Assays. For IL-2 determination, supernatants were harvested after 20 h of culture. IL-2 concentration was determined using the IL-2-dependent CTL line proliferation assay and mouse rIL-2 (PharMingen) to generate standard curves. Results were expressed as picograms per milliliter mouse rIL-2. IFN-~, IL-4, and IL-5 were quantified by two-sites sandwich ELISA. For IFN-'/, polyvinyl microtiter plates (3012; Falcon Labware, Oxnard, CA) were coated with 100 txl of AN-18.17.24 mAb (16) in carbonate buffer. After blocking, samples (50 Ixl/well) diluted in test solution (PBS containing 5% FCS and 1 g/liter phenol) were incubated together with 50 pd peroxidase-conjugated XMG1.2 mAb (17) . After overnight incubation at 4~ bound peroxidase was detected by 3,3'-5, 5'-tetramethylbenzidine (Fluka Chemical Corp., Ronkonkoma, NY), and adsorbance read at 450 nm with an automated microplate ELISA reader (MR5000; Dynatech Laboratories, Inc., Chantilly, VA). For IL-4 and IL-5 determination two-sites ELISA was performed with paired mAb all purchased from PharMingen. For capture, the mAb were BVD4-1Dll or 11Bll (anti-IL-4), and*TRFK5 (anti-IL-5). Samples were titrated in test solution and incubated overnight at 4~ To detect bound cytokines, plates were then incubated with the biotinylated mAb BVD6-24G2 (anti-IL-4) or TR.FK4 (anti-IL-5) in PBS containing 0.1% Tween 20 and 1% BSA (PBSA-Tw). After washing, the bound biotinylated antibodies were revealed by an additional 30-rain incubation with alkaline phosphatase-conjugated streptavidin (Jackson Immunoresearch Laboratories, Avondale, PA) diluted 1:10,000. The plates were washed again and incubated with the developing substrate p-nitrophenylphosphate disodium (Sigma) in diethanolamine buffer, pH 9.6, (100 pA/well). The reaction was stopped by adding 50 ixl/well NaOH 3 N and absorbance was read at 405 nm. Cytokines were quantified from two to three titration points using standard curves generated by purified recombinant mouse cytokines and results expressed as cytokine concentration in nanograms or picograms per milliliter. Detection limits were 15 pg/ml for IFN-3' and IL-4, 3 pg/ml for IL-5.
In addition, IL-4 production was measured by using the IL-4--dependent indicator cell line CTL44 (18) . Serial dilutions of culture supernatants were incubated in 96-well plates (Costar) with 5 5< 103 CTL44 cells/well for 48 h. During the last 6 h of cultures, the cells were pulsed with 1 p, Ci [3H]TdR and thymidine incorporation measured as above. Standard curves were generated with purified recombinant mouse IL-4 (PharMingen) or IL-4 from H28 cell culture supernatant (a kind gift of Dr. E. Severinson, University of Stockholm, Stockholm, Sweden). The semitivity of this assay was <3 pg/ml. Similar amounts of IL-4 were revealed by ELISA and bioassay.
Anti-HEL Antibody Determination. HEL-coated polyvinyl microtiter plates (3012; Falcon Labware) were incubated with serially diluted sera in PBSA-Tw for 90 rain at 37~ Plates were then washed and incubated for 1 h at 37~ with a mixture (100 ng/ml each) of anti-IgM, -IgG1, -IgG2a, -IgG2b, -IgG3 biotin-conjugated goat anti-mouse isotype-specific antibodies (Southern Biotechnology Associates Inc., Birmingham, AL). After washing, the bound anti-isotypic antibodies were revealed by an additional 1 h incubation with alkaline phosphatase-conjugated streptavidin (Jackson Immunoresearch Laboratories) diluted 1:20,000. The plates were washed again, incubated with the developing substrate p-nitrophenylphosphate disodium (Sigma) in diethanolamine buffer, pH 9.6 (100 Ixl/well) and absorbance read at 405 nm. Standard curves were generated using pooled anti-HEL sera and results expressed as arbitrary units per milliliter (U/ml; 1 U corresponding to 50% maximum OD). Anti-HEL IgG1, IgG2a, and lgG2b isotypes were determined as described above using the corresponding biotinylated isotype-specific antibodies. Standard curves were obtained using calibrated serum pools revealed with anti-isotypic developing reagents, and results expressed as units per milliliter.
Flow Cytometry. T cell lines were incubated with optimal concentrations of FITC-or biotin-conjugated antibodies for 30 rain at 4~ in PBS containing 5% FCS, 0.1% sodium azide, and 1% normal rat serum to inhibit binding to FcR. The following mAbs (PharMingen) were used: FITC-L3T4 (anti-CD4), PE-53-6.7 (anti-CD8a), biotin-145-2C11 (anti-CD3-e), and biotin-H57-597 (anti-TCRo~/[]). Cells were then washed and stained with PE-streptavidin (Southern Biotechnology). Analysis was performed on a FACScan | flow cytometer (Becton Dickinson and Co., Mountain View, CA). Data were collected on 5,000-10,000 viable cells as determined by forward light scatter intensity and propidium iodide exclusion, and analyzed using Lysis II software.
Results

Administration of Soluble HEL by Mini-Osmotic Pumps Readily Inhibits T Cell Proliferation in LNC fiom
Mice Subsequently Primed with HEL-CFA. BALB/c mice were implanted subcutaneously with mini-osmotic pumps delivering continuously for ,~10 d about 0.1 nmol/h of HEL or RNase. 12 d after pump implantation mice were primed into the hind footpads with HEL emulsified in CFA, and 8 d later antigen-specific T cell proliferative responses were measured in draining popliteal lymph node cells. Results in Fig. 1 show that delivery of soluble HEL inhibits, although not completely, HEL-specific T cell proliferation, whereas the response to PPD is unaffected. We also determined the T cell responses to dominant and subdominant HEL epitopes. The set of overlapping HEL peptides used defines a subdominant epitope included in the HEL sequence 12-29, and a dominant one included in HEL sequence 107-116 ( Fig. 1 B) . The T cell response to the former epitope is restricted by I-A d molecules (19) , whereas the latter is I-E drestricted (20) . As shown in Fig. 1 , administration of soluble HEL completely inhibits T cell responses to both subdominant and dominant HEL epitopes, as determined by lack of proliferation to peptides 8-29 and 105-120, respectively. This effect is due to the delivery of HEL and not to the pump implantation itself since no differences were observed between mice without pumps and mice implanted with pumps containing either PBS or RNase, an irrelevant protein antigen. Inhibition of HEL-specific T cell proliferation is long-lasting, as it is still present in LNC from mice implanted with pumps 6 mo before priming with HEL-CFA (data not shown).
Inhibition of Th l and Priming of Th2 Cells by Continuous Protein Administration. The effect of continuous protein
antigen administration on Thl/Th2 development in BALB/c mice was analyzed by antigen-specific production of IL-2, IFN-~/, IL-4, and IL-5 in cultures of LNC from protein-CFA-primed mice. As shown in Fig. 2 , A and B, the HELspecific production of both IL-2 and IFN-~/ was profoundly inhibited in LNC from mice implanted with pumps containing 20 nmol HEL and subsequently primed with 0.3 nmol HEL-CFA, as compared to LNC from mice treated with PBS or RNase. Conversely, a very high production of IL-4 (up to 4.5 ng/ml) was found in culture supernatants of HEL-stimulated LNC from mice receiving soluble HEL, much higher than that induced in LNC from mice receiving PBS or P,.Nase (124-322 pg/ml) (Fig. 2, C  and D) . Comparable results were found for IL-5. These effects are specific for the soluble antigen administered and are not restricted to HEL (Fig. 3) . The increased IL-4 production in vitro by T cells from soluble antigen-treated mice is not a consequence of the inhibition of IFN-~/production, as demonstrated by the failure of XMG1.2 to enhance IL-4 production by T cells from control mice (not shown). Antigen-specific inhibition of Thl and priming of Th2 cells is induced by any antigen tested, including lkNase (Fig. 3, A-D) , OVA (Fig. 3, E-H) , human transferfin, and human hemoglobin (not shown). In all cases, continuous administration of soluble proteins induces inhibition of T cell proliferation associated with a strong reduction in the production of the Thl-associated cytokines (IL-2 and IFN-~/) and with a dramatic up-regulation of Th2-associated cytokines (IL-4 and IL-5).
Th2 cells favor the production of IgG1 and IgE isotypes, while IgG2a and IgG2b are associated with Thl cells. Results in Table 1 show that in mice receiving soluble HEL delivered by mini-osmotic pumps the production of HELspecific IgG2a/IgG2b isotypes is strongly inhibited ("o100-to 1,000-fold decrease), whereas anti-HEL antibodies of IgG1 isotype are less affected (3-to 10-fold reduction), demonstrating inhibition of Thl cell function in vivo.
T cell anergy has been shown to be a possible mecha- nism for induction of T cell unresponsiveness after administration of antigen in nonimmunogenic form (21), However, addition of IL-2 in vitro could restore neither the proliferative response nor IFN-~ production in LNC from mice treated with soluble antigen (data not shown). Collectively, these results show that continuous administration by mini-osmotic pumps of any native protein tested results in an antigen-specific block of Thl cells and in priming of Th2 cells. The inhibition of proliferative response and IFN-',/production is not reversed by IL-2 addition, suggesting that the mechanism of Thl cell unresponsiveness does not involve anergy induction in vivo.
IL-4-producing Cells Are Fully Differentiated CD4+Th2
Cells with Stable Cytokine Profile. To establish the cellular source of IL-4, we first tested the capacity of anti-CD4 mAb GK1.5 to prevent its production in vitro. As shown in Table 2 , addition of GK1.5 to cultures of LNC from mice treated with soluble HEL abrogates the HEL-specific production of [L-4. No inhibition is observed in the presence of anti-CD8 mAb (KT1. 5) IL-4 was produced by TCL Nos. 11, but was low or absent in culture supematants from TCL Nos. 12 and 13, respectively. Conversely, IFN-y production is undetectable in any TCL derived from mice treated with soluble HEL, whereas they all produce high levels (up to 3.5 ng/ml) of IL-4. All these T cell lines were composed of CD4+/ 
Low Dose Soluble Proteins, including Extracts from Pathogens, Induce Antigen-specific Default Th2 Cell Development in BALB/c
Mice. So far, experiments were performed with relatively high doses of protein antigen loaded in pumps ('-'~300 I~g protein/pump) delivering ,'~30 p~g protein/d. Therefore, we next tested the effect of low dose soluble antigen administration on the polarization of Th subsets in BALB/c mice. As shown in Fig. 6 , continuous administration of 400-4 p~g OVA per mouse results in a complete inhibition of IFN-~/ production after restimulation of immune LNC with OVA in vitro. Conversely, induction of IL-4-secreting cells is dose dependent and it is maximum for low rather than high doses of protein. Administration of 4 p~g OVA/pump, corresponding to a protein delivery of 0.4 I.tg/d, is still able to induce high levels of Thg-associated cytokines IL-4 and IL-5. As shown in Fig. 7 , similar results are obtained with other protein antigens. In Fig. 7, A and B, HEL-specific production of IFN-~ was blocked by any dose of soluble HEL administered, whereas maximum induction of antigen-specific IL-4 production was observed at the lowest HEL dose tested (0.8 nmol = 10 Ixg/pump) corresponding to an HEL delivery of I p~g/d.
To address the relevance of these observations in the pathogenesis of chronic infectious diseases, we tested the ability of pathogen-derived crude soluble extracts administered by mini-osmotic pumps to induce Th2 development in'BALB/c mice. PPD represents a model system in this respect, as it is derived from pathogenic microorganisms and T cell responses can be easily induced by immunizing mice with Freund's adjuvant containing heat-killed M. tuberculosis. Administration of soluble PPD by mini-osmotic pumps readily induces PPD-specific IL-4 production, highest at the lowest dose of PPD administered, while IFN-'y production is inhibited by any dose tested (Fig. 7, C and D) . Continuous administration of soluble recombinant 65-kD hsp65, a major antigen of M. tuberculosis (22) , to BALB/c mice also prevents IFN-~/ production at both doses tested (100 and 10 big/pump), while IL-4 production is inversely related to the dose of soluble PPD administered, the lowest dose being the most efficient (Fig. 7, E and F) . Similar results were obtained with soluble leishmania antigen (not shown).
Taken together, these data show that continuous administration of proteins at low doses efficiently induces default Th2 development in BALB/c mice. The inhibition of Thl cell induction does not appear to be dependent on the magnitude of Th2 cell priming. Interestingly, a strong Th2 response is induced even by soluble PPD, an antigen mixture known to preferentially recall Thl-type cells (3), and by one of its purified components, hsp65.
Blocking Endogenous IL-4 Prevents Th2 Cells Expansion but Do Not Restore Th I Cell Unresponsiveness. To address whether
IL-4 is required in vivo for the expansion of antigen-specific Th2 cells, we examined the polarization of the T cell response in mice pretreated with soluble HEL in the presence of 11B11 mAb and then immunized with HEL-CFA. Results in Fig. 8 show that T cells from soluble antigentreated mice subsequently injected with a control rat mAb (LO-DNP-2) have a reduced capacity to secrete IFN-y, while IL-4 production is up-regulated upon restimulation. In contrast, administration of anti-IL-4 11B1 1 mAb at the time of soluble HEL delivery results m almost complete inhibition oflL-4 production by antigen-specific T cells (Fig.  8 B) and is not associated with a restoration of IFN-y secretion (Fig. 8 A) . Similar results were obtained using OVA as antigen (not shown). Taken together, these data demonstrate that blocking endogenous IL-4 inhibits completely the development of IL-4 producing Th2 cells, but does not reverse the block in IFN-',/-producing Thl cells.
Selective Induction of Th2 Cells Depends on Non-MHClinked Genetic Polymorphism.
To address whether induction of Th2 cells in our model system is predictive of disease outcome after L. major infection, we compared the effect of continuous protein administration on Th2 development in the susceptible mouse strain BALB/c and in the resistant strains C3H, C57BL/6, and DBA/2. PPD was chosen because of its capacity to induce comparable T cell responses in different mouse strains. Results in Fig. 9 show that ad- shows cell surface staining of TCL Nos. 13 and 23 using anti-TCR-PE and anti-CD4-HTC mAb, performed after another round of rest and restimulation.
Induction of Th l Unresponsiveness and Th2 Priming Do Not Require CD8 + or CD4 + NK1.1 + T Cells, Respectively.
CD8 + T cells have been shown to suppress T cell prolifer-
ation in oral tolerance (23), while CD4 § NK1.1 + cells are thought to produce the initial burst of IL-4 driving the differentiation of antigen-specifc CD4 + T cells into the Th2 phenotype (24) . Mice deficient for the 132M genes can be used to test the relevance of both cell types. These mice do not express MHC class I molecules, which results in the lack of positive selection of CD8 + T cells (25) and of the small population of CD4 § T cells expressing the NKI.1 marker (26, 27) . 132M-deficient BALB/c mice (seventh back-cross generation) were implanted with pumps containing soluble HEL 12 d before HEL printing. Like normal BALB/c mice, 132M -/-mice mount a strong proliferative response to HEL, associated with the production of IL-2 (not shown) and IFN-~/ (Fig. 11 A) , while the production of IL-4 ( Fig. 11 B) and IL-5 (not shown) is relatively low. As shown for IFN-~/and IL-4 (Fig. 11, A [hsp65]/ag/ml pattern produced by ~2M -/-immune LNC restimulated with antigen in vitro, comparable to that observed in normal BALB/c mice. Similar data were obtained using as antigen PPD (Fig, 11 , C and D) and OVA (data not shown).
Therefore, these results demonstrate that inhibition of Thl and priming of Th2 cells by continuous administration of either purified proteins or crude soluble protein extracts from pathogens does not require expression of MHC class I molecules, ruling out a role for CD8 + and CD4 + NKt.1 + T cells. (10) . Similarly, in most mouse strains, infection by the parasite L. major leads to a dominant Thl-type immune response and results in elimination of the pathogen. In contrast, BALB/c mice mount a predominantly humoral immune response, associated with induction of Th2-type lymphocytes producing IL-4 and IL-10, which is ineffective in controlling parasite growth (6, 29) . This is not due to an intrinsic incapacity of leishmania-specific CD4 + T cells in these mice to differentiate into Thl-type lymphocytes, because a protective Thl-type immune response could be obtained by blocking endogenous IL-4 (30) or by providing exogenous IL-12 (31) . Actually, L. major-infected BALB/c mice contain antigen-specific Thl cells whose functions are actively suppressed by the dominant Th2 population (32) , but the initial mechanisms leading to the preferential activation of these Th2 cells are still unclear.
As a possible explanation, we hypothesized that infection by microorganisms would result in a continuous release of pathogen-derived proteins, skewing the immune response in BALB/c mice toward a Th2 phenotype. To test this hypothesis, we established an experimental model using miniosmotic pumps as antigen delivery system. As shown in the present paper for defined protein antigens and crude soluble extracts from pathogenic microorganisms, the continuous release of soluble proteins leads, in BALB/c mice, to a strong inhibition of antigen-specific Thl cells and to the priming of Th2-type helper T cells. Selective priming of Th2 cells is associated with reduction of protein-specific T cell proliferation, in agreement with the observation that IL-4 production can be observed in the absence of T cell proliferation (33) .
These results have implications for the pathogenesis of infectious diseases. First, the amount of IL-4 produced in our model (up to 5 ng/ml) is comparable to that secreted by immune LNC from L. major-infected mice (32) . This is achieved in mice primed with protein emulsified in CFA which favors induction of Thl-type cells; adjuvants such as IFA or alum might promote even higher Th2 cell induction. Second, antigen-specific IL-4--producing Th2 cell lines could be easily obtained in the absence of exogenously added cytokines. These cell lines maintained their phenotype upon several weeks in culture showing that they were derived from Th2 cells fully differentiated in vivo. Third, priming of antigen-specific Th2 cells could be induced by any soluble antigen tested, including crude soluble extracts from pathogens such as M. tuberculosis or soluble leishmania antigen. Finally, Th2 priming, unlike Thl inhibition, appears to depend on genetic predisposition, and it is not observed in the L. major-resistant C3H and C57BL/6 mouse strains.
Controversial results have been obtained by studying the effect of soluble antigen administration on Thl/Th2 ceil development (34--37) . In some instances, antigen-specific unresponsiveness induced by pretreatment with aqueous antigen selectively tolerized Thl but not Th2 cells (34, 35) , while in other reports both Th subsets were inhibited (36, 37) . A common feature of all these studies is the modest or hardly detectable amount of IL-4 produced (38, 39) . Aside from the fact that high dose soluble hapten-protein conjugates (35) or high molecular weight proteins such as deaggregated human ",/-globulin (34, 36) or KLH (35) were used, none of these studies was carried out in BALB/c mice. Therefore, the lack of evidence for a strong priming of Th2 cells in these models could be easily explained by the mouse strains used, the high doses of antigen injected (>1 mg) and the mode of soluble antigen administration (single or repeated bolus injection). In fact, we observed an inverse correlation between the dose of antigen administered by mini-osmotic pumps and the level of IL-4 produced in vitro by immune LNC. Doses of 400-4 Ixg protein/pump induced complete blockade of Thl responses, but at lower doses reappearance of IFN-y-producing cells was observed. Maximal IL-4 production was reached at protein doses between 100 and 4 btg/pump, but a significant IL-4 production was still induced by doses <1 L~g/ pump, corresponding to 100 ng/d (Gu6ry, J-C., et al., unpublished observations). Due to the reappearance of IPNy-producing cells, which have been shown to inhibit Th2 cell proliferation in vitro (40) , it is likely that induction of Th2 responses induced by very low doses of soluble protein is underestimated. The amount of pathogen-derived proteins in the circulation is likely to be correlated with the type and load of infecting microorganisms. Only for high level of infection the threshold concentration necessary for Th2-priming would be reached. Below this threshold no Th2 development would occur, consistent with the observation that low level infection preferentially induces protective immunity in BALB/c mice (9) .
Priming of Th2 cells in our model is dependent on the presence of endogenous IL-4, since administration of 11B11 mAb at the time of continuous antigen administration prevents Th2 cell expansion. Thus, the polarization of the response towards a Th2 phenotype in BALB/c mice could depend on the initial activation of IL-4-producing cells such as the CD4+NKI.1 + population (24) . This is unlikely since similar results were obtained in ]32M-deficient BALB/c mice, lacking this cell population whose development depends on MHC class I expression (26, 27) . The IL-4 required for Th2 priming in vivo rather appears to be produced by conventional antigen-specific class IIrestricted CD4 + T cells. Th2 cells might develop after the initial activation of a rare population expressing particular phenotypic markers (e.g., LECAM-1 dujl) and able to secrete significant amounts of IL-4 upon primary stimulation in vitro (41) (42) (43) .
The APC type presenting soluble antigen may also play a role in selectively priming Th2 cells. Induction of experimental allergic encephalomyelitis, a Thl-mediated autoimmune disease, has been prevented by targeting the autoantigen to B cells (44) , and this prevention has been recently found to be associated with the priming of antigen-specific Th2 cells (45) . Therefore, antigen presentation by APC lacking appropriate costinmlatory molecules such as B cells during a noninflammatory immune response could inhibit Thl and induce Th2 development. IgD targeting on the B cell surface by bivalent antibody fragments results in B cell activation (46) , which might be a prerequisite for priming of Th2 cells (45) . However, Th2 development in our model is observed in the absence of any exogenous manipulation, e.g., administration of cytokines or anticytokine antibodies, or antigen targeting to any particular APC, and rather represents the default pathway ofT helper cell differentiation in a particular mouse strain.
The preferential differentiation of antigen-specific CD4 + T cells into IL-4-producing cells might depend on the non-MHC-linked genetic predisposition of BALB/c mice to develop Th2 cells (47) . Evidence for this is provided by the observation that continuous administration of soluble protein induces a strong Th2 response in BALB/c but not in DBA/2, C3H, or C57BL/6 mice, whereas the Thl response is inhibited in any mouse strain tested. These data offer an explanation for the previous conflicting results describing selective inhibition of Thl but not Th2 responses (34, 35) or inhibition of both Th subsets (36, 37) by pretreatment with soluble antigen. The commitment to Th2 cell differentiation in BALB/c mice may result from failure of IL-12 to induce phosphorylation of Jak2, Star3, and Stat4 in Th2 cells, leading to extinction of IL-12 signaling (48) .
In oral tolerance, induction of antigen-specific CD8 + suppressor T cells was found to be an important mechanism for T cell unresponsiveness (23, 49) . This is not the case after continuous subcutaneous administration of antigen, since a similar inhibition of Thl cells was obtained in normal BALB/c mice and in mice lacking CD8 + T cells. While induction of CD8 + suppressor T cells can be definitively ruled out, immunoregulation by antigen-specific Th2 cells could play a role in our model. Upon immunization with antigen in adjuvant, the primed Th2 population could then be preferentially expanded and influence further differentiation of naive Th cells in situ by the secretion of IL-4 and IL-10 (50).
Based on our present results, it appears that the polarization of the immune response towards a Th2 phenotype is mediated by a dual mechanism: induction of Thl cell unresponsiveness and default development of Th2 cells. The different antigen dose dependence of these two events in BALB/c mice suggests that, after continuous administration of soluble proteins, these two pathways may develop independently. This is further supported by two sets of experiments. First, blocking endogenous IL-4 during continuous administration of soluble antigen to BALB/c mice inhibits Th2 cell development, but does not reverse the inhibition of Thl cells. Second, the inhibition of the Thl response is unrelated to the development of a strong Th2 response, as indicated by data obtained in different mouse strains.
In conclusion, we have demonstrated that continuous administration of soluble antigen to BALB/c mice induces a polarization of the immune response towards a Th2 phenotype. This finding might have implications for understanding the pathogenesis of chronic infectious diseases mediated by organisms as diverse as helminths, protozoa, bacteria, and retroviruses, where infection is frequently accompanied by down-regulation of host defense and increased production ofTh2-type cytokines (51) .
